D-Galactose-binding lectin from the octocoral, Sinularia lochmodes (SLL-2) distributes densely on the cell surface of microalgae, Symbiodinium sp., an endosymbiotic dinoflagellate of the coral, and is also shown to be a chemical cue that transforms dinoflagellate into a non-motile (coccoid) symbiotic state. SLL-2 binds with high affinity to the Forssman antigen, and the presence of Forssman antigen-like sugar on the surface of Symbiodinium CS-156 cells was previously confirmed. Here, we report the crystal structures of SLL-2 and its GalNAc complex as the first crystal structures of a lectin involved in the symbiosis between coral and dinoflagellate. N-linked sugar chains and a galactose derivative binding site common to H-type lectins were observed in each monomer of the hexameric SLL-2 crystal structure. In addition, unique sugar binding site-like regions were identified at the top and bottom of the hexameric SLL-2 structure. These structural features suggest a possible binding mode between SLL-2 and Forssman antigen-like pentasaccharide.
Introduction
Most tropical corals harbor endosymbiotic dinoflagellates genus Symbiodinium, collectively called zooxanthellae. The symbiosis between the corals and zooxanthellae is of particular importance in lives of corals, as the corals relay their nutrient supplies on photosynthetic products of zooxanthellae. Prolonged loss of zooxanthellae causes coral to lose its coloration and the phenomenon was called bleaching. The loss of a healthy symbiotic relationship, triggered by various environmental factors, often results in mass mortality of corals (Baker et al. 2008 ). It has long been elusive, however, how the corals and the dinoflagellates establish the symbiosis. Because fertilized eggs of corals are mostly symbiont-free, the algal symbiont should be acquired selectively from the adjacent environment during the larval stage Koike et al. 2004 ; Lewis & Coffroth 2004; Sampayo et al. 2008; Adams et al. 2009 ), and once the algae were acquired in the tissue of coral, healthy reproduction of cells should be maintained.
We previously identified a galactosyl glycan binding lectin from a coral Sinularia lochmodes, SLL-2 (Jimbo et al. 2000; Jimbo et al. 2005) .
SLL-2 had an N-glycosylation site. Three cDNAs closely related to one another were obtained, and the deduced amino acid sequences have a similarity to the H-type lectin family that includes discoidins I and II, slime mold lectins, and Helix pomatia agglutinin (HPA) (Poole et al. 1981; Fukuzawa & Ochiai 1996; Sanchez et al. 2006) .
Because the lectin is densely localized on the cell surface of Symbiodinium within the coral tissue, we assumed some physiological activity of the lectin to the cells (Jimbo et al. 2000) . This idea was examined by using various culturable Symbiodinium strains and other dinoflagellate cells (Koike et al. 2004) . Interestingly, the lectin affected the algal cells in various ways depending on the species or even strains of the algae (Koike et al. 2004 ). In culture, free living Symbiodinium cells change their morphology in diel cycles; i.e.: the cells are in flagellated form and "swim" with circular movement in day time, but the cells transform into an immobilized coccoid form with the loss of flagella at night. The symbiotic forms of Symbiodinium cells in corals are "arrested" into the non-motile (coccoid) form, and no diel cycles appear. We took advantage of this unique phenomenon and assessed the effect of SLL-2 on the diel cycle and the cell division of Symbiodinium cells in vitro. SLL-2 effectively suppressed the diel cycle of Symbiodinium strain CS-156 with no adverse effects on the cell division. In other strains or species, however, various results were observed, ranging from acute toxicity (cell burst in dinoflagellates Gymnodinium catenatum and Prorocentrum micans), growth suppression (Symbiodinium strain P083-2), cell aggregation to no response (Koike et al. 2004 ). These results indicated that the binding of the lectin on the cell surface of the microalgae may trigger significant physiological changes in the microalgal cells. The mechanisms underlying these activities are not clear, but galactosyl glycans on the cell surface are the most plausible candidates as the cellular target of the lectin.
We recently found that SLL-2 has the high affinity to the Forssman antigen [N-acetylgalactosamine(GalNAc)α1-3GalNAcβ1-3Galα1-4Galβ1-4Glc-ceramide] by frontal affinity chromatography . We also found that proteins that bind to the Forssman antigen, such as HPA and the anti-Forssman glycosphingolipid antibody, bound to CS-156 cells and exhibited physiological changes against the cells.
Interestingly, though the effects of HPA were similar to those of SLL-2, those of the anti-Forssman glycosphingolipid antibody were rather suppressive (they reduced the rate of cell division). Moreover, another Forssman antigen-binding lectin, Dolichos biflorus agglutinin (DBA), did not affect the cells. These results suggested that the Forssman antigen-like glycolipid on the surface of the algae is a putative site of lectin binding. These observations also suggested that the structures of the proteins including sugar binding sites possibly control the physiological activity of the lectin against the algal cells.
To facilitate further understanding of the mechanism of the physiological action of the lectin to the symbiotic algae, it is crucial to determine the protein structure. Here, we report the crystal structures of SLL-2 and its complex with GalNAc (SLL-2G) as the first symbiosis-related lectin, and discuss a possible binding mode between SLL-2 and Forssman antigen pentasaccharide chain based on these structures.
Results and discussion
Overall structure of SLL-2 protein
The monomer of SLL-2 is composed of a six-stranded antiparallel β-sandwich consisting of a pair of three-stranded β-sheets (β1, β6, β3, and β2, β5, β4), and extended one β-strand (βN) ( Figure 1A ). Two intramolecular disulfide bonds are found in the monomer of SLL-2: one between Cys8 and Cys93, and the other between Cys17 and Cys21 ( Figure 1A ).
Three monomers of SLL-2 are located around a non-crystallographic three-fold axis to form a tight trimeric assembly ( Figure 1B ). The strands β3 and β4 from the adjacent molecule extend the anti-parallel β-sheet interactions across the interface of the two molecules, resulting in a large bending cleft composed of six continuous stranded, β2, β5, β4, and β3', β6', β1' (Figure 1B The crystals of the SLL-2-GalNAc complex (SLL-2G) diffract to 1.6 Å resolution, which is higher than that of SLL-2 crystal. The asymmetric unit of the SLL-2G crystal contains one monomer, and crystallographic symmetry-related molecules form the hexameric assembly ( Figure 1C ). The overall structures of the SLL-2G monomer and trimer are very similar to those of SLL-2; the average rmsd value for the Cα atoms of each monomer molecule and each trimer molecule between SLL-2 and SLL-2G are both 0.3Å, respectively, whereas, that between hexamers is calculated as 1.1 Å. When one of the two trimers from SLL-2 is superimposed to the SLL-2G trimer, the other trimer of SLL-2 shows the movement of about 1.3 Å for the center of mass position with a rotation angle of about 7˚ counterclockwise against the other trimer of SLL-2G ( Figure 1D ). A slight shortening of the overall molecule length accompanied by this twist motion was observed in SLL-2G.
SLL-2 belongs to the H-type lectin family, which includes HPA, discoidins I and II from the slime mold Dictyostelium discoideum (Sanchez et al. 2006 ). H-type lectin is a hexameric or a trimeric molecule where an immunoglobulin-like β-sandwich fold consists of six β-strands exists in the monomer (HPA and discoidin I in Figures 1E and   1F ) (Sanchez et al. 2006; Aragao et al. 2008; Mathieu et al. 2010) . HPA is a homo hexamer consisting of two sets of trimers interconnected with three disulfide bonds between two monomers facing each other ( Figure 1E ) (Sanchez et al. 2006 ). On the other hand, discoidins I and II are intertwined trimeric molecules (Mathieu et al. 2010; Aragao et al. 2008) , in which the monomer consists of the H-type lectin and the N-terminal domain connected by linker residues (discoidin I, Figure 1F ). Since SLL-2 is a hexameric molecule with a pseudo-intertwining arrangement, its assembly has characteristics of both HPA and discoidins I and II.
Isoproteins in SLL-2 crystal
We previously reported the presence of three major isolectins in a sample of SLL-2, comprised of the 55th histidine, asparagine, and arginine in SLL-2a, 2b, and 2c
(Supplementary Figure S1A , Jimbo et al. 2005) . The electron density at the 55th amino acid for SLL-2G indicated the presence of His55, Asn55, and the possibility of Arg55 (Supplementary Figure S1B ). This fact shows that at least two isolectins (SLL-2a and 2b) exist, and also suggests the possibility of the presence of SLL-2c in the SLL-2 crystal. The conformations of the main chains of the isoproteins, however, are quite similar that they can construct SLL-2G hexameric molecule with the space group of I432. As SLL-2b shares common amino acid residues largely with three other isoproteins, we have adopted the amino acid sequence of SLL-2b as the sequence of SLL-2 for crystal structure refinement.
N-glycosylation site of SLL-2 protein
The N-glycosylation site is observed clearly at Asn60 of each SLL-2 molecule. The first and second sugars (N-acetylglucosamine (GlcNAc) -GlcNAc) in the oligosaccharides are fitted reasonably into the electron density map of SLL-2 (Supplementary Figure S2 ). The amide nitrogen of the first GlcNAc associates with high electron density species tentatively fitted as a chloride, and the carbonyl oxygen forms a hydrogen bond with the amide group of the residue Asn76. The interactions of the amide-anion are not only seen in some protein coordinates registered in PDB, but also indicated by recent MD simulations (Algaer & Vegt, 2011) and ab initio calculations (Yu et al. 2010) . Based on the MALDI-TOF MS results, one SLL-2 monomer carries N-linked glycans with a mass of approximately 2,500 Da, corresponding to more than 10 saccharides (Jimbo et al. 2005) . Therefore, flexible oligosaccharides consisting of more than eight sugar units possibly exist at the unoccupied space in the SLL-2 crystal.
The sugar binding site in SLL-2G, site-1
In SLL-2G, the electron density for GalNAc was observed clearly in the deep pocket at the interface between the monomers, which we define as site-1 ( Figures 1A and 1C ).
Site-1 is the position corresponding to the carbohydrate binding site in other H-type lectins (Figures 2A-C ). Site-1 consists of the side chains of Asn56, Arg58 in the β4 strand, Trp78 and the 79th amino acid residue (Tyr or Ala) in the loop between β5 and β6 strands, Trp18' in the loop between β1' and β2' strands, Asp50' in the β3' strand, and Trp84' and Asn85' in the β6' strand.
The interactions between GalNAc and the SLL-2 protein in site-1 are; between the O3 atom of the galactopyranoside and the Nε1 atom of Trp78; the O4 atom and the Nε atom of Arg58, the Nε1 atom of Trp78, and the Oδ1 atom of Asp50'; the O6 atom and the Nδ2 atom of Asn56, the Nη2 and Nε atoms of Arg58, and the Oδ2 atom of Asp50';
the pyrane oxygen and the Nη2 atom of Arg58 (Figure 2A ). In these residues, Arg58, Site-1 in SLL-2
The electron density for site-1s in SLL-2 are not so clear as opposed to the result from the SLL-2G. They are classified in two groups, saccharides binding sites and others.
Two of the six site-1s in SLL-2, however, can be fitted each with a galactopyranoside derivative, a GalNAc-containing oligosaccharide and a galactose ( Figures 2D and 2E ).
Interestingly, residual electron density elongated in the direction of the putative N-linked glycans is observed at site-1 with a GalNAc ( Figure 2D ). The interactions between galactopyranoside derivatives and the SLL-2 protein in these site-1s are almost identical with those of SLL-2G. The nature of this elongated moiety is not clear, but either external sugars (from the purification process, or even coral origin) or internal sugars (N-linked glycans of neighboring lectin molecules or even from the lectin itself) are conceivable.
Three of six site-1s in SLL-2 accommodate an MPD molecule ( Figure 2F ). The framework of the MPD molecule can be superimposed onto the galactopyranoside ring of the other site-1s, that is; two hydroxyl groups of the MPD molecule (O2 and O4) are located at the positions corresponding to the O4 atom of the galactopyranoside ring and the O6 atom of the hydroxymethyl moiety. Notably, the indole ring of Trp18', which makes interaction with the galactopyranoside ring when a galactose derivative is bound to site-1, flipped toward the outside of the cleft ( Figure 2F ).
The remaining one of the six site-1s in SLL-2 possesses electron density assignable to a water oxygen atom, which is located at the position corresponding to the O6 atoms of galactopyranoside derivatives in other site-1s ( Figure 2G ). The direction of the side chain of Trp18' was oriented toward the outside of the cleft. The discontinuous electron densities around the Cβ atom of the 79th residue are observed ( Figure 2G ).
Due to the ambiguous electron densities, the conformation of this residue is not defined.
These observations suggest to us that site-1s in SLL-2 can accommodate structurally diverse molecules, and that SLL-2 should be able to maintain the hexameric molecule stably with or without the sugar ligands in site-1s.
Saccharides recognition by SLL-2 assemblage SLL-2 selectively binds to galacto-over gluco-saccharides with α-anomers. The complex is formed with the saccharides of galacto-configuration sugar at the nonreducing end in site-1, that is located between the side chains of Trp18' and Tyr/Ala79 (Figure 2A and Supplementary Figures S3A and S3B ). Here we showed atomic interactions between SLL-2 sugar binding residues and galactosaccharide. The binding between galactosyl sugar and SLL-2 is stabilized by interactions between the axial O4 atom of the galactosyl moiety and the side chains of Asp50', Arg58, and Trp78.
These interactions are reduced when GlcNAc is substituted for GalNAc; that is, the O4' atom of the GlcNAc loses three interactions to create two new interactions with the side chain of Asp50' and Asn85' (Figure 2A and Supplementary Figure S3A) . These recognition systems for galactopyranoside are also observed in other H-type lectins. In addition, Trp18' in SLL-2, which is the unique residue among H-type lectins, contributes to the saccharide-aromatic residue interactions. Because the O4 atom in the GlcNAc would reduce the C4-H interaction between saccharide and Trp18', Trp18' would contribute to the recognition of galactosyl sugar. Besides, our previous FAC analyses indicated that the association constant of α-GalNAc for SLL-2 is more than three times larger than that for HPA , even though interactions between two residues (Gly24, Asp26) and α-GalNAc observed in HPA are missing in SLL-2G. Trp18' might contribute not only to the selectivity towards the galactopyranoside, but also to the specificity difference of α-GalNAc between SLL-2 and HPA by constructing the environment of site-1 as described below.
The atomic structure also shows that SLL-2 prefers α-over β-anomer, as suggested by its binding preference for the Forssman antigen. In the crystal structures, van der Waals contact between the equatorial position of C1 and Tyr79 was found, where O1' atom of the β-anomer would occupy the space (Supplementary Figure S3A) . The anomeric restriction by the residue corresponding to Tyr79 in SLL-2 is also observed at the corresponding position in the HPA protein; the steric hindrance of His84 appeared to inhibit the binding of β-anomer (Supplementary Figure S3C , Sanchez et al. 2006 ).
Discoidins I and II, which can accommodate both anomers, have no aromatic residue at the corresponding position. Notably, the saccharide was observed in all but one of the SLL-2 site-1s in which the electron density of Tyr79 is disordered. We therefore conclude that van der Waals contacts between the aromatic residue and C1-H-C2-H in the galactopyranoside might contribute to selectivity toward the α-anomer in H-type lectin.
The additional sugar binding site, site-2
The additional sugar binding sites, site-2s, are observed at the top and the bottom of the hexameric molecule ( Figures 1A and 1C ). Site-2 is comprised of the residues Asp52', the 53'rd amino acid (Asn or Ser), the 54'th amino acid (Ser or Thr), and the residue Asn56 ( Figure 3A and Supplementary Figure S3B ). Though the electron density map of site-2 is clearly observed, and a pyranose ring was assignable on the basis of the size and the shape of the electron density; however, it was difficult to define the substitution groups and orientation of the ring, due presumably to the amino acid sequence divergence at the 54'th (Ser or Thr) residue which might affect the binding. The residues Asp52', the 53'rd amino acid (Asn or Ser), the 54'th amino acid (in the case of Thr of SLL-2c), and Asn56, and an MPD molecule used as crystallization reagent, are within the hydrogen bond distance from site-2 ( Figure 3A) . The MPD molecule is located along the line between site-1 and site-2, and bridges these sites. In addition, near site-2, a chloride ion which can interact with the side chain of Arg58 is located.
Consequently, both site-1 and site-2 are involved in the network.
In the crystal structure of SLL-2, the electron densities for site-2s are observed at four of the six equivalent positions. Two other sites, however, are unoccupied since the atoms of neighboring molecules disrupt the binding of the ligand due to steric hindrance induced by the crystal packing. This observation suggests that the interaction between SLL-2 and the saccharide at site-2 is of low-affinity. The fact that electron densities for site-2s are observed even in SLL-2, which contains no external saccharides under the crystallization condition, and the fact that residual electron densities are observed when a pyranose molecule was fitted in SLL-2G, together suggest that an external sugars (from purification step or from coral), internal sugars (N-linked sugars of SLL-2), or GalNAc added in the crystallization procedure (in the case of SLL-2G) is bound to site-2.
Comparison of specificity loops with H-type lectins
In H-type lectins, the first and third loops (the loop between β1 and β2, and that between β3 and β4) are supposed to be the loops that control the specificity of sugar binding site (Mathieu et al. 2010) . In SLL-2, these loops contribute to form site-1 and site-2 ( Supplementary Figures S3B-D) .
The first loop in H-type lectins is the most deviated region that contains various amino acid residues of unequal length (Supplementary Figure S1A) . In SLL-2, the N-terminal part of the first loop, in which Trp18' residue is contained, spreads to site-1 of the neighbor molecule (Figure 2A and Supplementary Figure S3B) . The side chains of Trp18', Tyr79 (in the case of SLL-2a and 2b) in β5 -β6 loop, and Trp84' in β6 associate to make site-1 deeper and narrower. In HPA, the first loop extends in the direction perpendicular to the immunoglobulin-like strands, and two residues in this loop, Gly24 and Asp26, interact with N-acetyl group and O3 of GalNAc in site-1 ( Figure 2B and Supplementary Figure S3C ). Site-1 in HPA is restricted by the first loop and the side chains of His84 and Tyr89', which are corresponding to Tyr79 and Trp84' residues in SLL-2. Due to the absence of aromatic residue corresponding to
Trp18' in SLL-2, HPA contains site-1 that is slightly wider than that of SLL-2 (Supplementary Figure S3C) . In discoidins, the first loop is comparatively short and does not play a role to interact with sugars in site-1 (discoidin I in Supplementary   Figure S3D ). Tyr241', which is located at a near position corresponding to Trp18' in SLL-2, shows a little difference in relative orientation to GalNAc (Figure 2C and Supplementary Figure S3D) . Accordingly, the short first loop and the aromatic residue in different position and orientation in discoidin I contribute to form the wide-spread site-1 in H-type lectins.
The absence of the aromatic residue corresponding to Trp84' in SLL-2 allows to extend a cleft in the direction of C5 of GalNAc ( Supplementary Figure S3D) .
Site-2 in SLL-2 consists of amino acids involved in the third loop (Supplementary Figure S3B) . The main chain of the third loop in SLL-2 is well superposed to that in HPA, and the properties of amino acid residues in the third loops are similar between SLL-2 and HPA. On the other hand, the molecular surfaces around site-2 position in both discoidins are protruded due to the differences of the length of chains and their conformation (discoidin I in Supplementary Figure S3D ). If site-2 is the subsite for interaction with the extension of oligosaccharide chains in site-1 as described below, the third loop might affect the affinity for oligosaccharide chains accommodated in H-type lectins.
The possible Forssman antigen binding mode in SLL-2 protein
The frontal affinity chromatography experiments for SLL-2 demonstrated that the Forssman antigen is efficiently bound to SLL-2 . The HPA molecule also exhibited Forssman antigen binding affinity. The HPA crystal structure complexed with the antigen disaccharide (PDB code: 2cgy) (Lescar et al. 2007) indicated that the disaccharide extends its reducing end against the trimer surface. The superposition of the HPA-Forssman antigen disaccharide model over SLL-2G reveals that the GalNAc in SLL-2G and nonreducing GalNAc in the HPA-Forssman antigen disaccharide are located in the same position with the same trajectory, allowing the second GalNAc residue in the HPA-Forssman antigen disaccharide extend toward the position of the MPD molecule observed in SLL-2G ( Figure 3B ). The conformations of residual three sugars of the Forssman antigen pentasaccharide in its complex with SLL-2 are unknown. However, we have recently demonstrated that the binding affinity of SLL-2 was increased as the length of the Forssman antigen extended from the tri-to the pentasaccharide (Tanaka et al. 2013) . This fact suggests that increasing chain length from tri to pentasaccharide tends to prompt interaction between SLL-2 and the internal sugars of pentasaccharide. The present results together suggested a possible binding interaction between SLL-2 and the Forssman antigen pentasaccharide as follows; 1) the nonreducing GalNAc residue of the Forssman antigen binds to site-1 in a manner that GalNAc binds to SLL-2G; 2) the pentasaccharide extends out from the core of a protein in a manner found in MPD molecule in SLL-2G; 3) the pentasaccharide chain bends at a corner of the SLL-2 molecule because of the α-(1,4)-glycosidic bond between the third and fourth sugars; and 4) the reducing end of the pentasaccharide binds to site-2 ( Figure 3C ). The distance between site-1 and site-2, approximately 10 -11 Å, corresponded well with the distance between the nonreducing terminal GalNAc residue and the reducing end of pentasaccharide. The crystal structure of the complex between SLL-2 and Forssman antigen-like polysaccharide will enable us to discuss their detailed binding manner.
Materials and Methods
Crystallization and data collection SLL-2 was purified from the coral Sinularia lochmodes according to the protocol reported by Jimbo (Jimbo et al. 2005) . The intensity data were processed by using the HKL2000 program package (Otwinowski & Minor, 1997) , and truncated to structure factors using the program CCP4 (Collaborative Computational Project, Number 4 1994) . The data statistics are shown in Supplementary data, Table I .
Structure determination and refinement
Molecular replacement was performed for phase determination with the program MOLREP (Vagin & Teplyakov 1997) in the CCP4 package. The atomic coordinates of the trimeric part of hexameric HPA protein (PDB code: 2ccv) were used as a search model (Sanchez et al. 2006 ). The structural model was built by manual fitting to the electron density map by using the program TURBO FRODO (Roussel & Cambillau 1992) . All structural refinements were carried out using the program CNS (Brunger et al. 1998) . The stereochemical quality of the final models was assessed using the program PROCHECK (Laskowski et al. 1993 ). The molecular models in the figures were drawn by using the program PyMOL Molecular Graphic System (Version 1.2r3pre, Schrödinger, LLC). Data statistics are also summarized in Supplementary data, Table   I .
PDB references
The atomic coordinates and structure factors of SLL-2 and SLL-2G have been deposited in the Protein Data Bank, with the accession code of 3WMP and 3WMQ. 
